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Abstract 

J' 
I 

A normal s o l a r  abundance d i s t r i b u t i o n  of' the  

elements was subjected t o  a ca lcu la ted  bombardment by 

protons aEd a lpha-par t ic les  having energy spec t r a  of t h e  

form Emn, where n was usua l ly  taken t o  be equal  t o  2 0 5 ,  

and with a low energy cutoff  on t h e  spectrum a t  1 MeV. 

Bombardment with protons r e su l t ed  i n  break-do- i  of 

nuc le i  toward lower mass numbers. Bombardment with 

a lpha -pa r t i c l e s  r e s u l t e d  i n  build-up of nuc le i  t,oward 

higher  mass xumbers. It i s  concluded t h a t  p r e f e r e n t i a l  

acce le ra t ion  of akpha-part ic les  t o  varying t o t a l  f l uxes  

can produce the  abundance anomalies of p e c u l i a r  A 

stars i n  concentrated patches on the  sur face .  Local 

s w f a c e  magnetic f i e l d s  in  t h e  range 10 - 10 gauss 

a re  requi red  t o  provide the  necessary energy sources 

f o r  t h e  acce lera ted  p a r t i c l e s .  

6 7 
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The pecu l i a r  A s t a r s  present, one of t h e  more puzzli.ng problems 

of as t rcphys ics  These s t a r s  are charact.erized by the  ex is tence  of 

s t rong  va r i ab le  magnetic f i e l d s  coupled with what appear t o  be l a rge  

overabundances of c e r t a i n  el.ements . These anomalous abundances a r e  

of p a r t i c u l a r  i n t e r e s t  because they suggest tha t  t h e  evolut ionary 

h i s t o r i e s  and/or t he  sur face  conditions of t hese  stars have been 

r a t h e r  unusual.  

Average magn.etic f i e l d s  on pecu l f a r  A s t a r s  a r e  typ i .ca l ly  on 

t h e  order  of 10 t o  10 gauss;  t h e  f i e l d  v a r i a t i o n s  a r e  i r r e g u l a r  

f o r  some stars and pe r iod ic  f o r  o the r s ,  w i t h  per iods as s h o r t  as 8 d 

(Babcock, 1958) e T%e most, l i k e l y  explaaat ion for. t hese  v a r i a t i o n s  

i s  given by t h e  oblique ro t .a tor  model, i n  which it i s  assumed t h a t  

t h e  magnetic axis of t h e  star is  i.nclined t o  t h e  axis of 

r o t a t i o n  and both a r e  inc l ined  t o  the  l i n e  of' s i g h t .  

3 4 

4 A typl .ca l  A s tar  has a surface tenrperafYu_re on t h e  order  of 10 

0 K ,  and a d.ensity of 1Gl5 atoms/cm3 i n  t h e  photosphere. Such stars 

would be expected t o  have shallow convection zol?es, and the  

ex is tence  of a magnetic f i e l d  wou-ld tend t o  f u r t h e r  i n h i b i t  con-uTec- 

t i o n .  The Ap stars have e s s e n t i a l l y  these  same p r o p e r t i e s .  They 

a r e  found near t he  main sequence, bu t  a r e  s l i g h t l y  more luminous 

t h a n  normal A s tars .  Their d i s t r i b u t i o n  i n  t h e  galaxy i s  no d i f f e r e n t  

from t h a t  of normal A stars 

bes ides  t h e  aboormal s t r eng ths  of c e r t a i n  s p e c t r a l  l i n e s ,  t h e r e  a r e  

Their s p e c t r a  a r e  p e c u l i a r  i n  two ways: 

a l s o  v a r i a t i o n s  i n  the  i n t e n s i t i e s  of t hese  l i n e s ,  o f t en  co r re l a t ed  

w i t h  t h e  7iar.iatfons of t he  magnetic f i e l d .  
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The abinrdance anomalies have been summarized by Szrgent (1964) 

and Fowler, Suzbidge, Burbidge and Hoyle (1965) e 

taken from Saygent; it l ists  the logari thmic overabundances (as 

compared t o  Eormal A s t a r s )  observed f o r  s e v e r a l  well-knom Ap s t a r s .  

We can make some genera l  statements as t o  t h e  most notable  abundance 

anonal ies ,  keeping i n  mind t h a t  no element e x h i b i t s  t he  same anomaly 

i n  a11 Ap s t a r s .  

Trzble 1 has been 

The l i g h t e s t  elements such as He and 0 a r e  genera l ly  under- 

abundant by f a c t o r s  of about 10. S i  i s  overabundant by about 10 i n  

t h e  h o t t e r  Ap s t a r s ,  but i s  l e s s  sc i n  o the r s .  Ca i s  of ten  under- 

abundant by 10-lOOa 

and Mri - w e  usua l ly  overabundant, p a r t i c u l a r l y  Mn ii i  t h e  h o t t e r  

stars and C r  i n  t h e  cooler ones. Fe i s  normal or s l i g h t l y  over- 

'Tne elements i n  t h e  v i c i n i t y  of Fror? - T i ,  V,  C r ,  

abundant * 

Ga and K r  have been found t o  be overabundant by a fact ,or  of 1000 

i n  3 Cen A .  The elements S r ,  Y,, and Z r  a r e  overabundant i n  most Ap 

stars by 10-100. The most prominent overabur-dances , however, a r e  

found f o r  t he  r a r e  e a r t h  elements La, Ce, FY, N d ,  Sm, Eu, Gd, and 

Dy: t hese  a r e  riot seen a t  a l l  i n  normal A s t a r s ,  bu t  they have an 

average overabundance fac t ,o r  of about 500 i n  lip s t a r s .  

which i s  t h e  l a s k  element before t h e  r a r e  e a r t h  group, i s  usua l ly  

normal o r  s 1 igh t  l y  overabundant e 

Moreover, Ba ,  

To conclude t h e  survey, we note  t ha t  an overabur-dance of Hg i n  

t h e  s tar  K Cnc has been reported by Bidelman (l962), and pb has been 

i d e n t i f i e d  i n  a CVn by Eurbidge & Burbidge (1955). 2 
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Those Ap s t a r s  t h a t  have per iodic  magnetic f i e l d s  a l s o  a r e  

spectrum va r i ab le s ;  it i s  found t h a t  some s p e c t r a l  l i n e s  a r e  constant  

i n  i n t e n s i t y  while o thers  -Jary w i t h  t he  same per iod a s  t h e  magnetic 

f i e l d .  There a r e ,  however, a few stars which show no c o r r e l a t i o n  

between spectrum v a r i a t i o n  and magnetic f i e l d  v a r i a t i o n  (Babcock, 

1958). 

while another group of l i n e s  decreases.  I n  the  stars CY CVn and 

HD125248, t h e  EuII and C r I I  l i n e s  vary i n  ant iphase with one another ;  

t h e  EuII  l i n e  i s  a t  m a x i m u m  s t rength  on HD125248 when the  f i e l d  has 

p o s i t i v e  p o l a r i t y ,  but reaches maximum s t r eng th  on Cy CTTn a t  negat ive 

p o l a r i t y .  

Typical ly ,  one group of l i n e s  w i l l  increase  i n  i n t e n s i t y  
2 

2 

The spectrum v a r i a t i o n s  are  not a t  a l l  e a s i l y  explained.  The 

obl ique r o t a t o r  model o f f e r s  one p o s s i b i l i t y ;  some mechanism has 

caused elements t o  be more abundant on some p a r t s  of the  s t a r  than  

on o the r s ,  and as the  s tar  r o t a t e s ,  t he  d i f f e r e n t  patches move i n  

and out of t h e  l i n e  of s i g h t .  On t h e  o ther  hand, the  changing l i n e  

i n t e n s i t i e s  could a l s o  t o  some ex ten t  r e s u l t  from v a r i a t i o n s  i n  

temperature and pressure  over the  su r face  of t he  s t a r .  

Production of Anomalous Abundances 

Two l i n e s  of thought have emerged with regard t o  poss ib l e  causes 

of anomalous abundances. One suggest ion is  tha t  t he  anomalies a re  

only a'pparent ones, caused by some niechanism which enhances c e r t a i n  

s p e c t r a l  l i n e s  and dim5nishes e t h e r s .  N o  s p e c i f i c  mechanism has been 

proposed, however. Apparent overabundances could a l s o  be caused by 

some mechanism which caused c e r t a i n  elements t o  migrate t o  one 
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reg ion  of t h e  s t a r .  The migration of paramagneti.c ions i n  a f i e l d  

grad ien t  has  been suggested by Jensen (1962) and. Babcock (1963). 

Babcock has pointed out t h a t  Cr, Mr, and Eu. a l l  have la rge  magnetic 

moments. However, t h i s  mechanism does not expla in  the  overabundances 

of a l l  t h e  o the r  elements; furthermore,  t o  account for t h e  magnitudes 

of t h e  observed abundances would r equ i r e  extremely s t eep  magnetic 

f i e l d  grad ien ts  e 

It i s  most l i k e l y  t h a t  the  abundance anomalies a re  r e a l  and have 

been caused by nuclear  reac t ions  i n  t h e  s ta r ,  e i t h e r  i n  t h e  deep 

i n t e r i o r  (followed by convective mixing) or on t>he sur face .  

and Burbidge (1955) suggested t h a t  t he  abundance anomalies were caused 

by sur face  nuclear  r eac t ions  i n i t i a t e d  by ions xhich had been acce lera-  

t e d  by the  magnetic f i e l d .  This idea  was considered. by Fowler, 

Burbidge and Burbidge (1955) i n  r;ome-xhat more d e t a i l ;  they  pointed 

out  t h a t  r eac t ions  i n  which alphas,  deuterons o r  neutrons were bombar- 

d ing  p a r t i c l e s  would lead  t o  the build-up of heavy elements However, 

on t h e  basis of q u a l i t a t i v e  considerat ions they convinced themselves 

t h a t  such a mechanism could not expla in  t h e  observed overaburrdances, 

and s o  abandoned t h i s  model i r ,  favor  of a considerably more compli- 

ca ted  one (Fowler, Burbidge, Burbidge and HoyLe 1965) They 

concluded t h a t  overabundances of  t he  r a r e - e a r t h  elements coupled 

wi th  a normal abundance of Ba can only be explained by a process of 

raTid  neut.ron add i t ion  similar t o  t h a t  which occurs i n  a supernova 

explosion.  

good part  of i t s  evolu t icn  and has evolved from t h e  red g i an t  s t age  

back t o  t h e  main sequence. The star has  a l ready developed a 

Bcb idge  

'They the re fo re  proposed t h a t  t h e  s t a r  has gone through a 

- 
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degenerate core .  Helium burning prod:xes I2C; proton capture  produces 

l3C by 12 C(P,Y)~~N(B + ) 13 C .  The 13C (Ql,n) r eac t ion  then  represents  a 

source of neutrons.  

ma te r i a l  up t o  the  sur face .  I n  add i t ion ,  considerable  sur face  s p a l l a -  

t i o n  must occur t o  account for t h e  underabundances of t h e  l i g h t  

elements . 

Rapid mixing must take  p l ace  t o  b r ing  the  a f f ec t ed  

As evolut ionary h i s t o r y  s o  complicated i s  r a t h e r  d i f f i c u l t  t o  

accept .  Moreover, t h e r e  i s  considerable evidence t o  show t h a t  Ap 

stars a r e  t r u e  main sequence s t a r s  r a t h e r  than  eTrolved stars.  Ap stars 

have been found i n  young c l u s t e r s  where the re  a r e  a l s o  stars more 

luminous (and therefore  more r8pidly-evolving) than  A s t a r s  , and 

t h e s e  more luminous s t a r s  a r e  s t , i l l  on t h e  main sequence. Also, 

when an Ap star is  part of a b insry  system, t h e  ctoxpanioc appears t o  

be a main-sequence s t a r .  It i s  our  assumption t h a t  t he  Ap stars a r e  

not  h ighly  evolved ob jec t s ,  from -which it fol lows that.  t h e  abundance 

anomalies cannot be the  r e s u l t  of' rruclear r eac t ions  i l r l  t he  deep 

i n t e r i o r  of t h e  s ta r .  

We have the re fo re  inves t iga ted  the  hypothesis t h a t  su r f ace  nuclear  

r e a c t i o n s  represent  t h e  most s i g n i f i c a n t  mechanism f o r  t h e  production 

of anomalous abundances. We w i l l  adopt t h e  o r i g i n a l  proposal  of 

Burbidge and Burbidge (1955) t h a t  these  r eac t ions  a r e  the  r e s u l t  of 

t h e  bombardment of nuc le i  a t  the  s t e l l a r  sur face  by p a r t i c l e s  acc l e r -  

a t e d  i n  the  magnetic f i e l d .  That mechanisms e x i s t  on stars leading 

t o  t h e  acce le ra t ion  of p a r t i c l e s  t o  high energies  .is amply demonstra- 

t e d  by t h e  f a c t  t h a t  cosmic r ays  a r e  known t o  come from t h e  SUI: wi.th 

energ ies  i n  t h e  BeV region.  By analogy with experimental  measurements 
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? 

of cosmic ray  energ ies ,  we will assume that t h e  bombarding f lux cons i s t s  

of protons and/or alphas which have an  energy spectmm of' t h e  form 

Where n4  t h e  s p e c t r a l  h d e x ,  has been taken equal t o  2 .5  i n  most 

of t h i s  work. 

Because of energy lo s ses  through a low-energy cu tof f  

of t h i s  spectrum i s  t o  be expected, and we have genera l ly  assumed t h i s  

t o  be a t  1 Me'{. I n  order for heavier  elements t o  be b u i l t  up, a s i g n i -  

f i c a n t  part of t he  flux must, he i n  t h e  1.-50 MeV regior,. Above 50 MeV, 

breakdown reac t ions  w i l l  be predominant. 

Gur ca l cu la t ion  d i f f e r s  from tha t  of' 9drbidge and Burbidge i n  

t h a t  we have used considerably mwe d e t a i l e d  values  of r eac t ion  c ross  

s e c t i o n s .  A method has b e m  developed f o r  ca l cu la t ing  r a p i d l y  and 

accxra te ly  t h e  cross sec t ions  fcr r eac t ions  i~ which one, two, or 

t h r e e  p a r t i c l e s  a r e  emitted following t h e  capture by a t a r g e t  nucleus 

of a 1-40 MeV proton or a lpha .  The d e t a i l s  of t h i s  method a r e  

discussed i n  t h e  preceding paper These c ross  sec t ions  have been 

s u b s t i t u t e d  i n t o  a r eac t ion  network ca l cu la t ion  i n  which the  abundannces 

of xpproximately 3OC nuclear  species  a r e  foll.cwed a s  a func t ion  of 

t h e  in t eg ra t ed  bombarding flux of' protons and/or a lphas.  

manner we can determine whether cr c o t  l a r g e  merabundances can be  

produced under reasonable phys ica l  co id i t i ons  It should be kept i n  

mind, however, t h a t  t he  size of t h e  computation necess i t a t e s  t h e  use 

of s e v e r a l  s implifying assumptions; consequently t h e  model used here 

r ep resen t s  only a rough a-ppmximation t o  t h e  cocdi t ions a t  t h e  sur face  

I n  t h i s  
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of an Ap s tar .  

Since tfie method of cross  sec t ion  ca l cu la t ion  described i n  t h e  

preceding paper i s  based on s t a t i s t i c a l  methods it i s  not expected t o  

be very r e l i a b l e  f o r  l i g h t e r  nuc le i .  While we have obtained cross  

sec t ions  for sucn nucle i  using t h i s  method, our p r i n c i p a l  i n t e r e s t  

has been i n  the  medium and heavy nuc le i .  Hence our r e s u l t s  f o r  t h e  

l i g h t e r  nuc le i  can be correct, only i n  a q u a l i t a t i v e  sense,  and they 

should be so  regarded i n  t h e  r e s u l t s  t o  be presented l a t e r .  

Reaction Rates 

If - a represents  t he  bombarding p a r t i c l e  and X is  the  t a r g e t  

nucleus,  then  t h e  r eac t ion  r a t e  f o r  a given i n t e r a c t i o n  involving - a 

and X i s  

3 where N i s  t h e  number of X nu.clei/cm , Na(v) i s  t h e  ve loc i ty  d i s t r i b u -  X z 

t i o n  of bombarding p a r t i c l e s ,  and ~ ( v )  i s  t8he c ross  sec t ion  f o r  t h e  - 
3 

r eac t ion  of i n t e r e s t .  r i s  then t h e  number of reactions/cm3-see. 

Since it i s  p re fe rab le  t o  give c ross  sec t ions  i n  terms of energy, 

Equation ( 2 )  will be r e m i t t e n  as fol lows:  

ax 

( 3 )  
1 

- (i)' TN ( E ) c T ( E ) ~  i dE r -  ax 'XJ a 

where t h e  reduced mass M = Ma%/(Ma+ %). 
I n  accordance with Equation (1) 

for t h e  bombarding p a r t i c l e s  of t h e  form 

we assume a energy d i s t r i b u t i o n  
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(4) 

where Eo i s  the la .energy cutoff and A is  a s u i t a b l e  rlormaliza-ion n 

f a c t o r .  

The spectrum can be normalized i n  seve ra l  ways. I n  our ca lcu la-  

t i o n s ,  we have s t i p u l a t e d  t h a t  t h e  t o t a l  energy dens i ty  i s  a f ixed  

quan t i ty ,  

t h e  bombarding p a r t i c l e s ,  it car, supply only a f ixed  amount of energy 

t o  be d i s t r i b u t e d  among t h e  p a r t i c l e s .  E 

def ined as 

That i s ,  whatever the mechanism involved i n  acce le ra t ing  

The energy dens i ty  D i s  

( 5 )  DE = SEN (E)dE a 

Subs t i t u t ing  Equation (4) i .nto t h e  above y i e l d s  

n-2 
0 DE ' A = (n-2)E n 

s o  t h a t  t o  insxre  a f i n i t e  energy dens i ty  we must have n > 2.  

If it i s  des i red  t o  normalize on The basis of a I'uC-ed ii-aiber 

N of par t ic les /cm 3 , one obtains 
0 

(n-2)DE A 

NO = INa(E)dE = ( n-l)Eo n-1 (n - l ) E o  
._ _ _  n - 

The simple r e l a t ionahfp  between N and D f a c i l i t a t e s  a change 
0 E 

from one normalization t o  t h e  o t h e r .  

Ass-miing a f ixed  euergy d e m i t y  I) t h e  expression f o r  t h e  E' 
r e a c t i o n  r a t e ,  Equation ( 3 ) ,  thpg 'cecomes 
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( 7 )  

There a r e  two types of cross  sec t ions  which a r e  requi red  f o r  t he  

ca lcu la te ion .  

r eac t ion  c ross  sec t ion  and i s  used t o  ca l cu la t e  t h e  r a t e  of des t ruc t ion  

The f irst  type,  which we denote a s  0 ( E ) ,  i s  t h e  t o t a l  X 

I 

of nucl ide X .  

t h e  t o t a l  c ros s  sec t ion  f o r  a l l  r eac t ions  which lead t o  the  formation 

of nucl ide X as a r e s u l t  of t h e  bombardment of Y.  Gross sec t ions  of 

The second type  is  represented by 0 ( E ) ,  and represents  XY 

t h e  l a t t e r  type thereby cont r ibu te  t o  the  r a t e  of formation of X .  To 

s impl i fy  t h e  nota t ion ,  we define t h e  q u a n t i t i e s  

Following Equation (7), t h e  r a t e  of des t ruc t ion  of X i s  given by 

r..- = D,J,N., K f i n n  

and t h e  r a t e  of formation of X from Y is 

Therefore t h e  time r a t e  of change of t h e  abundance of element X 
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Since it i s  customary t o  give element abundances i n  

s i l i c o n  abundance, we def ine the  r e l a t i v e  abundance i~ = x 
where NSi 

parameter 

i s  the  abundance of s i l i c o n  a t  t = 0. We a l s o  define the  

so t h a t  Equation (EO)  reduces t o  

The React ion Network 

We a re  now i n  a p o s i t i o n  t o  solve a s e t  of simultaneous d i f f e r e n t i a l  

equations of t h e  form of Equation (12) so as t o  fol low t h e  changes 

i n  abundance of a l l  nuclear species of i n t e r e s t .  We have chosen t o  

include a l l  the s t a b l e  isotopes p l u s  those unstable  isotopes w i t h  

6 h a l f - l i v e s  g r e a t e r  than 10 years.  That i s ,  it i s  assumed tha t  t h e  

r e a c t i o n s  proceed a t  a race siow enough so  that  unstabie  nuc le i  with 

6 h a l f - l i v e s  l e s s  than 10 years w i l l  decay before captur ing an incident  

6 ' pa r t i c l e .  We have s e l e c t e d  10 yrs. as a cutoff  po in t  mainly t o  

keep t h e  network wi th in  a reasonable s i z e ,  and a l s o  because 10 

approaches the  time spent on t h e  main sequence by an A s ta r .  Based 

on t h i s  cu to f f ,  t h e  network includes 293 nuclear spec ies .  

6 y r s .  

We solved the network equations f o r  t h ree  cases: a bombarding 

flux of protons only, a f l ux  of akphas only, and a f l u x  composed of 

equal numbers of protons and alphas. We do not consider any secondary 



reac t ions  i n i t i a t e d  by t h e  emitted pa r t i . c l e s ;  it i s  assumed t h a t  t hese  

p a r t i c l e s  a r e  scaLtered down t o  l o w  energies  by c o l l i s i o n s  with hydrogen 

atoms. The Ins energy cutoff Eo i.s taken t o  be 1 MeV, ar?d s e v e r a l  

values  of t h e  s p e c t r a l  index n from 2.5 t o  8 were considered. The 

i n i t i a l  abundances a r e  those tabula ted  by Cameron (1963) 

Results 

We have found t h a t  bombardment of the  nuc le i  i n  an i n i t i a l  s o l a r  

abundance d i s t r i b u t i o n  by a pure proton f l u x  leads t o  a continuing 

loss of nucleons and hence t o  a progressFve break-dmm i n t o  hydrogen 

arid helium. We d i d  not f o i l m  changes i n  the  hydrogen and helium 

themselves.  We present  t,he r e s u l t s  with a l l  nuc le i  of t h e  same 

charge number sunned toge ther  t o  f a c i l i t a t e  comparishn wi.th observa- 

t ions  e 

The chacges i n  t h e  i . n i t i a l  abundance d i s t r i b u t i o n  produced by 

progressive1.y larger. in tegra ted  f l a x e s  of protons a r e  shox-n ( f o r  

2 5 50) in Figures 1 and 2 .  

s t r i k i n g  e f f e c t  i s  t h e  depletion of Fe, Co, ard Mi. a d  t,hc enhancement. 

of elements between Ca and Fe, There is  a l s o  a deple t ion  of t h e  

abundances of even-Z medium elements and an enhancement of t he  abun- 

dances of odd-Z medium elements. 

su r f ace  were so bombarded, t h e  p r i n c i p a l  spectroscopic  changes t h a t  

would be observed would be an increase  i n  those elements with t h e  

l a r g e r  enhancem.ent f a c t o r s .  Eimever, a continued proton bombardment 

l eads  t o  a progressive deplet ion o f  a l l  t h e  medim and heavy element 

For smaller  i n t eg ra t ed  f l u e s  t h e  most 

If only a po r t ion  of the  s t e l l a r  

abundances . 
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On the  o ther  hand, bombardment by a flux of pure a tpha -pa r t i c l e s  

leads t o  a build-up toward heavier elements. Reactions of t h e  type 

(C!,n) ,   CY,^) , (Cd,2n) (C!,pn) , and (a ,3n)  cont r ibu te  t ,o  a predominance 

of nucleon-addition processes .  Only a t  high charge numbers, where 

Coulomb b a r r i e r s  a r e  higher  and only t h e  more ene rge t i c  r eac t ions  can 

take  p l ace , a re  t h e  nucleon addi t ive  processes  p a r t i a l l y  compensated 

by nucleon sub t r ac t ive  processes such a s  ( U p n )  and (a,C!2n). Hence 

a f t e r  a very extended bombardment t h e  abundance d i s t r i b u t i o n  tends 

t o  s t a b i l i z e  i n  t h e  heavy element region.  

De ta i l s  of t h i s  a r e  shown is Figures  3 and 4. I n  Figure 3 t h e  

curve corresponding t.0 w = 10l2 has a deple t ion  of elements with 

Z 16 and an e-rlharcement of elements i n  t h e  range 16 Z < 50. A t  

w = 5~10'~ t h e r e  i s  a deple t ion  of elements w i t h  Z < 35 and an 

enhancement of elements with 35 < Z 

t h a t  f u r t h e r  bombardment enhances t h e  reg ion  from t h e  r a r e  e a r t h s  up 

t o  bismuth, with a very sharp cutoff  at. and below t h e  closed s h e l l  

of 82 neutroxs.  

of xenon and barium. A t  l a t e r  s tages  of' buu'~arciment, ihe eleiiieiital 

abundances increase  by s e v e r a l  orders  of magnitude along the  closed 

s h e l l  from barium, which i s  normal i n  abundance, t o  samarium. This 

d i s t r i b u t i o n  thus  reproduces q u a l i t a t i v e l y  the  Ap abundance anomaly 

i n  which l a rge  overabucdance f ac to r s  o c c w  only above barium i n  t h e  

r a r e  e a r t h  r eg icn .  

75 .  It may be seen i n  Figure 4 

The l l g h t e r  nuc le i  a t  t h i s  closed s h e l l  a r e  isotopes 

It w a s  a l s o  found t h a t  when a bombardment was c a r r i e d  out with 

equa l  f l uxes  of protons and alphas,  t h e  des t ruc t ive  e f f e c t  of t he  

pro tons  predominated, owing t o  t h e i r  l a r g e r  r e a c t i o n  c ross  sec t ions .  



Many of t hese  f e a t u r e s  a r e  very suggestive i n  terms of t h e  Ap 

anomalies. Presumably t h e  abundance changes on t h e  surface of an Ap 

s tar  represent  t he  superposi t ion of a wide v a r i e t y  of bombarding 

f l u x e s .  S u b s t a n t i a l  deplet ions of elements, p a r t i c u l a r l y  t h e  l i g h t e r  

elements, can be produced by a general  bombardment of t h e  su r face  by 

r e l a t i v e l y  small  i n t eg ra t ed  f luxes of e i t h e r  protons and a lphas .  

However, t h e  d i s t i n c t i v e  enhancements can only be produced by t h e  

alpha bombardments. Since many of t he  enhancement f a c t o r s  a r e  much 

g r e a t e r  than those observed, it appears t h a t  small  port ions of t h e  

su r face  must be exposed t o  medium and l a r g e  in t eg ra t ed  alpha f l u x e s .  

Figure 5 shows t h e  abundances of S i ,  Sc ,  Ca, and T i  a s  a 

func t ion  of bombarding f l u x .  The s i l i c o n  enhancement i s  obtained for 

r a t h e r  small  f l u x e s ,  and t h i s  may be t h e  c h a r a c t e r i s t i c  f e a t u r e  of 

t h e  s i l i c o n  Ap  s t a r s .  But elements such a s  Sc should then be more 

enhanced than S i ;  however, t h i s  i s  not not iceable  i n  Table 1. We 

have not  run enough cases w i t h  mixed bombardment by protons and 

alphas t o  determine whether s i g n i f i c a n t  enhancements of S i  a r e  

poss ib l e  without l a r g e r  enhancements of Sc .  

Figure 6 shows t h e  v a r i a t i o n s  i n  t h e  abundances of Cr, Mn, and 

Fe.  It can be seen t h a t  Cr and Mn show larger r e l a t i v e  increases  i n  

abundance than does Fe; t h i s  r e s u l t  i s  i n  agreement with observations.  

The most i n t e r e s t i n g  r e s u l t ,  however, i s  concerned with t h e  

r a r e  e a r t h  abundances, shown i n  Figure 7.  Not only do we f i n d  t h a t  

l a r g e  overabundance r a t i o s  a r e  produced f o r  t hese  elements, but a l s o  

t h a t  t h e  overabundances w i l l  be maintained a t  a high l e v e l  for a 

long  t ime. We note a change i n  t he  shape of t h e  abundance curves,  
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beginning w i t h  Ba, i nd ica t ing  t.hat a near-equilibrium has been 

e s t ab l i shed  between production and des t ruc t ion  r a t e s  leading t o  a 

r e l a t i v e l y  constant abundance e This quasi-equilibrium abundance is  

g r e a t e r  than t h e  i n i t i a l  abundance a t  and above Fr. 

The r e a c t i o n  r a t e s  w i l l  decrease with increasing Z a s  a conse- 

quence of t h e  increasing Coulomb b a r r i e r  of t h e  t a r g e t  nucleus and 

t h e  inverse power-law energy spectrum (Equation 1) of t h e  incident  

a lphas .  

r a t e  of production r e s u l t i n g  from t h e  feedback of (Cypn) and ( a p 2 n )  

becomes s u f f i c i e n t  t o  maintain a nea r ly  s t a b l e  abundance. 

We f i n d  t h a t  as  t h e  r a re -ea r th  elements a r e  reached, t h e  

The shape of t h e  alpha energy spectrun i s  s i g n i f i c a n t  i n  t h a t  

higher  values of t h e  s p e c t r a l  index n w i l l  r e s u l t  i n  much lower r a t e s  

f o r  the higher energy react ions i n  which 2 or 3 p a r t i c l e s  a r e  emit ted,  

so t h a t  t h e  feedback from (Cy,Cyn) and ( a p 2 n )  r eac t ions  becomes l e s s  

s i g n i f i c a n t .  The r e s u l t s  described here  correspond t o  a value of 

n = 2 .5 ,  and r ep resen t  t h e  bes t  agreement with observations over t h e  

range of n (from 2.5 t o  8)  for which r e s u l t s  were obtained. 

A Model f o r  t he  Production of Abundance Anomalies 

It has been demonstrated t h a t  i f  one t akes  a gas having a cosmic 

abundance d i s t r i b u t i o n  and bombards it with aTpha-particles d i s t r i b u t e d  

over an inverse power-law energy spectrum i n  t h e  1 - 40 MeV range, 

l a r g e  overabnndances w i l l  be produced f o r  those elements found t o  be 

g r e a t l y  overabundant i n  Ap s ta rs .  It remains t o  be seen whether t hese  

r e s u l t s  can be r e l a t e d  t o  a c t u a l  phys i ca l  conditions f n  these  stars. 
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I n  Table 2 we have l i s t e d  the maximum overabundances obtained 

i n  t h e  ca l cu la t ion  f o r  s eve ra l  elements of i n t e r e s t ;  these  a r e  compared 

wi th  the  observed overabundances i n  Ap s t a r s .  It i s  seen t h a t  t he  

ca l cu la t ed  overabundances exceed t h e  observed r a t i o s  by seve ra l  

orders  of magnitude. Consequently, it i s  not necessary f o r  p a r t i c l e  

bombardment t o  occur over t h e  e n t i r e  sur face  of the  s t a r ;  no more 

than  1% of the  t o t a l  sur face  need be involved. 

t h a t  sun spots  a r e  regions of magnetic a c t i v i t y  where p a r t i c l e s  can 

be acce lera ted  t o  high ene rg ie s ,  We thus  assume t h a t  extensive 

p a r t i c l e  bombardment t akes  place only i n  small  a reas  on Ap s t a r s .  

s o l a r  m a x i m u m ,  approximately 2% of t h e  sun ' s  sur face  i s  covered over 

wi th  spo t s .  I r r a d i a t i o n  of a s imi la r  f r a c t i o n  of t he  sur face  a rea  

on Ap s t a r s  would be s u f f i c i e n t  t o  produce t h e  observed overabundance 

f a c t o r s .  Furthermore, magnetic f i e l d s  i n  sun spots  a r e  of t he  order  

of 10 times g rea t e r  than  t h e  average for t h e  e n t i r e  sun. If the  

same r a t i o  app l i e s  t o  Ap s t a r s ,  we could then expect t o  f i n d  magnetic 

f i e l d s  of--10 gauss i n  such a reas .  The energy dens i ty  of such a 

It i s  wel l  known 

A t  

3 

6 

c L g /  L-111 . I " i e l G  wvuld  be 2 * ," f 0  ~ 4,11110 _ - ^ -  l - -3  

The upper l i m i t  on t h e  s i z e  of the  magnetic f i e l d  t h a t  can be 

contained within a s t e l l a r  i n t e r i o r  i s  given by the  condi t ion t h a t  

t h e  magnetic f i e l d  energy should not exceed the  re leased  g r a v i t a t i o n a l  

p o t e n t i a l  energy, o r  

I f ,  f o r  an A s t a r  we choose a mass and rad ius  3.5 and 2.5 times those 

o f  t h e  sun (Allen,  1963), then H 1.8~10 gauss.  The pos tu la ted  8 
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-2 magnetic f i e l d  i s  only 10  of t h i s  l i m i t ,  and the  corresponding 

energy dens i ty  throughout t h e  s t a r  would only be 

could be contained. Hence t h e  pos tu la ted  magnetic f i e l d  could 

represent  a flux tube rooted i n  the deep i n t e r i o r  of t he  s ta r  which 

p r o j e c t s  through the  su r face .  

of t h a t  which 

Assuming the  ex is tence  of such a f i e l d ,  we can determine whether 

t h e  energy requirements necessary t o  produce overabundances can be 

met. From Table 2, we note t h a t  w = D t becomes of t h e  order  of 

1013 erg-sec/cm3 i n  t h e  region of t h e  m a x i m u m  overabundances. A 

p a r t i c l e  energy dens i ty  of lo1' erg/cm3 would then  requi re  an 

E 

3 i r r a d i a t i o n  time of 10 s e e .  Al te rna t ive ly ,  we can consider t h e  

s i t u a t i o n  on t h e  basis of a fixed. p a r t i c l e  number dens i ty  N . Accord- 

ing t o  Equation (6), if n = 2.5 and Eo = 1 MeV = 1.6~10 

0 

-6 
e rgs ,  

5 
E N = 2.08~10 D 

0 

Assuming a p a r t i c l e  dens i ty  of l0l2 alphas/cm 3 (i  . e . ,  1% of t h e  

helium atoms i n  t h e  atmosphere are  acce lera ted  a t  any i n s t a n t ) ,  we 

ob ta in  an energy dens i ty  of 8pproximat.ely 5x10 

corresponds t o  a t o t a l  i r r a d i a t i o n  timeof' 5x10 s e c .  Such a time s c a l e  

is  comparable t o  t h a t  observed for t h e  l i f e t i m e  of sun spo t s .  

6 

6 
ergs/cm3, which 

A f u r t h e r  requirement i s  t h a t  t h e  magnetic energy i n  t h e  flux tube 

where t h e  p a r t i c l e  acce le ra t ion  takes  p lace  should be more than 

s u f f i c i e n t  t o  supply t h i s  energy dens i ty  of acce lera ted  p a r t i c l e s .  

S ince  the  s t e l l a r  r ad ius  is  2 10l1 em, t h e  length  of t he  flux tube 

above the  surface may wel l  be b lo9 cm.  Let us suppose t h a t  the above 



p a r t i c l e s  a r e  acce lera ted  we l l  above t h e  photosphere and pass  down 

the  f l u x  tube u n t i l  absorbed below t h e  photosphere. Then 

where w i s  the  t ime-integrated energy dens i ty  of a lpha -pa r t i c l e s  

required t o  produce t h e  r a r e  ea r th  anomaly, v i s  t h e  p a r a l l e l  

ve loc it y c omp one n t  

f l u x  tube i n  which 

Taking w -  10 , v 13 

of t he  p a r t i c l e s ,  and L i s  the  length of t he  

energy i s  ava i lab le  f o r  acce le ra t ing  t h e  p a r t i c l e s .  

- 10 9 9 7 cm/sec, and L - 10 cm, we f i n d  H > 10 

gauss .  This requirement can be relaxed i f  it i s  assumed t h a t  t h e  

lower energy cu tof f  on t h e  akpha-part ic le  spectrum is  10 MeV 

(which would not s i g n i f i c a n t l y  a l t e r  t h e  charac te r  of our r e s u l t s ) ,  

and if it i s  assumed t h a t  t he  photospheric s ca l e  he ight  is t raversed  

by t h e  a lpha -pa r t i c l e s  s e v e r a l  times (say 20 ) .  

l i m i t  we s t i l l  need H > 10 gauss.  These l i m i t s  a r e  not incons is ten t  

w i t h  our previous d iscuss ion .  

I n  t h i s  very e f f i c i e n t  

6 

It should be noted t h a t  the  time s c a l e  assumed i n  t h e  network 

s e c  is  more phys ica l ly  6 6 y r s ,  whereas lo2 - 10 ca l cu la t ions  was 10 

p l a u s i b l e .  Consequently, one would expect many of t h e  sho r t e r - l i ved  

nuc l ides  t o  bu i ld  up appreciable  abundances, and these  nucl ides  
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4 should be include6 i n  t h e  network (assuming a cu tof f  time of 10 

would c a l l  f o r  t he  add i t ion  of approximately 200 more nucl ides  t o  the  

network). 

of abundances among adjacent  elements, but  t h e  o v e r a l l  e f f e c t  would 

undoubtedly be the  same. A t  any r a t e ,  t h e  q u a n t i t a t i v e  abundance r a t io s  

obtained i n  t h e  present  ca l cu la t ion  represent  a t  b e s t  a f i rs t  approxi- 

m a t  ion .  

see  

With a l a rge r  network, one would then  expect a r e d i s t r i b u t i o n  

I n  t h i s  model, then,  t h e  growth of an  a rea  of high magnetic f i e l d  

s t r e n g t h  on t h e  sur face  of an Ap s t a r  r e s u l t s  i n  the  acce le ra t ion  of 

alphas (but  not  protons)  t o  MeV ene rg ie s .  

i n i t i a t e d  a t  t h e  sur face ,  which r e s u l t  i n  l a rge  abundance changes 

wi th in  t h e  reg ion .  Longer i r r a d i a t i o n  t imes w i l l  produce overabundances 

of t h e  r a r e  e a r t h  elements, whereas s h o r t e r  t imes w i l l  produce 

abundance changes only as  f a r  as ,  for example, the  elements i n  t h e  

v i c i n i t y  of Fe. When the  i r r a d i a t i o n  s tops ,  t h e  a l t e r e d  abundances 

a r e  f rozen  i n  by t h e  l ack  of la rge-sca le  convection i n  t h e  s t a r .  The 

newly-formed abundances then  remain near t h e  sur face  and cont r ibu te  

t o  t h e  in t eg ra t ed  spectrum of the s t a r .  

Nuclear r eac t ions  a r e  

The e n t i r e  model hinges on t h e  assumption t h a t  an adequate f l u x  

of MeV-range alphas w i l l  be produced a t  t h e  sur face .  The most l i k e l y  

a c c e l e r a t i o n  mechanism would appear t o  be hydromagnetic or plasma 

waves, i n  which a p a r t i c l e  w i l l  be acce lera ted  if i t s  Larmor frequency 

i s  equal  t o  t h e  frequency of the waves. 

i s  dependent on e/m, t h e r e  i s  a cut-off  frequency below which alphas 

a r e  acce lera ted  and protons are  n o t .  

Since t h e  Larmor frequency 
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Such mechanisms a r e  being s tudied by Melrose (1966) who i s  

p resen t ly  ca l cu la t ing  t h e  energy spec t r a  produced by var ious acce lera-  

t i o n  nechanisms of t h i s  thrpe. We expect t o  repea t  t h e  ca l cu la t ion ,  

wi th  a more d e t a i l e d  network, using these  energy spec t r a ;  we hope 

t h a t  by attempting t o  make the  Eetwork more c lose ly  r ep resen ta t ive  

of t h e  phys ica l  condi t ions we can determine whether or not t he  

abnormal abundances found i n  Ap stars a r e  t h e  r e s u l t  of sur face  

nuclear  r eac t ions  

This paper i s  based i n  p a r t  on a t h e s i s  by P . J .  Brancazio 

submitted t o  t.he Physics Department of New York Universi ty  i n  p a r t i a l  

f u l f i l l m e n t  of t he  requirements f o r  t he  Ph.D. degree.  We wish t o  

thank D r .  D . B .  Melrose f o r  s t imula t ing  discussions This research  

has been supported i n  p a r t  by the gas .  Atomic Energy Commission and 

t h e  National Aeronautics and Space Administration. 
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Table 1 : Logarithmic Overabundance Ratios for Some Ap 

Stars (from Sargent, 1964) 

Element 

H e  
Be 
C 
N 
0 

, N e  
Na 
Ms 
A 1  
Si 
P 
S 
A 
Ca 
sc 
Ti 

Cr 
Mn 
Fe 
co 
Ni 
G a  
K r  
Sr 
Y 
Z r  
Ba 
La 
C e  
Pr 
Nd 
Sin 
Eu 
Gd 

' V  

DY 
% 
Pb 

2 a CV;~ 

+ l o 2  

-1.0 

-0.4 
0.0 

+lo0 

-1.7 
-0.2 
+0.4 
+0.1 
+0.7 
+lo2 
+OoS 

+0.5 

+1.1 
+1.3 
+1.5 
so00 
+ 3 0 0  
+2.6 
+3.0 
+2.4 
+2;6 
3.3.3 
+2.9 ~ 

+209  

HD 
133029 - 

t o o 1  

40.3 
t1.4 

-1 .3 

to .4  
t0.5 
t l . O  
4-1.2 
t0 .6 

too4 

4-1.2 

+lo 6 

+2.3 
+2.4 
+2.8 
+2 .1  
+2.4 
+2.9 

+207 
+205 

+3m2 

HD 
151199 

tO.l 

40.1 

4-0.4 

4-0.3 
4-1.0 
40.0 

I 

4-1.8 

-0.2 

+2.1 

0CrB - 

(-1.8 
. 

+Om2 

+0.1 
t0.4 
+009  
+0.4 
+1.5 
+1.6 
+O.d 
+ l o 0  
+0.3 

+1.6 

+2.0 
+0.7 
+2.8 
+2.9 
+2.7 
+2.2 
+2.3 
+3.2 
+209 
+306 

YEW - 

<-1 J 

0.0 
+le2 

+Om5 

+ O o 7  
+0*7 
+0.2 
3.0.8 
3.1.3 
+1.8 
+0.6 
+1.7 
+l .6  

+2.6 
+0.6 
4-0.8 
+1.2 
+2.3 
+2.0 
e 2 0 4  
+203  
+1.7 
+2.6 
+2.2 
+2m5 

3Cen.A 

-0.8 
:+0.4 

0.0 
+0.7 
-0.8 

0.0 

-0.6 
:-0.2 
+003  

:-1.0 
co.1 
-0.4 

S O .  6 
:+0.2 
:+O. 7 
:-1.. 0 
+0.6 
+O.6 

-0.2 
J.3.8 

(3.1.7 

73Dra - 

t2.7 

t0.7 

-2.0 

t0.3 

4-1.6 
t1 .5  
40.6 

4-0.9' 

+1.3 

+3.3 
+2.8 

53Tau - 

+ O m 4  

-0.3 

+ O m 1  

-1 .5 

+O.6 

-0.9 
+1.8 
-0.3 

+2+4 

+1.5 

sCnc 

-1.2 
+2.0 

- 

+003 

-0.8 

+2.0 

-0.2 

+om1 
3.105 
-0.3 

+4.6 
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Table 2: Calculated Maximum Overabundance Factors for Alpha 
Bombardment and Comparison with Average Observed 
Overabundances i n  Ap Stars .  

Average Observed Calculated w a t  Maximum 
3 Element 1% ha.&, log Amax/Ao erg-sec/cm ) 

S i  

Ca 

s c  

TI i 

Cr 

Mn 

Fe 

G a  

K r  

Sr. 

Y 

Z r  

Ba 

Rare earths 

0.6 

-0.7 

0.b 

0.4 

1 . 0  

1 .4  

0.5 

3.0  

3.0 

1.5 

1 . 0  

1 . 5  

0 .5  

2 -5 

1.0 

2.1 

5.1 

4.6  

2.8 

3.0 

1.0  

5.1 

5.7 

5.7  

6.0 

5.4 

6.5 

7 .0  

0.2 

0.5 

0.6 

0.6 

0.7 

0.8 

0.9 

1 .3  

1 . 7  

1.8 

1.8 

1.9 
1 1  c: 
-r * /  

5 - 0  



Figure Captions 

Figure 1 : Effect of proton bombardment on cosmic abundances 

(w i n  erg-sec/cm 3 ).  

(w i n  erg-sec/cm 3 ) .  

.I 

Figure 2 : Effect of proton bombardment on cosmic abundance6 

Figure 3 : Effect of alpha bombardment on cosmic abundances 

(w i n  erg-sec/cm 3 ) .  

Figure 4 : Effect of alpha bombardment on cosmic abundance8 

(w i n  erg-sec/cm 3 ) .  

Figure 5 : Relative abundances of S i ,  Ca, Sc and T i  as  a f’uncbion 

of alpha bombardment. 

Figure 6 : Relative abundances of C r ,  Mn, and Fe as  a function 

of alpha bcrnbardment. 

Figure 7 : Relative Bbundances of rare-ear th  region elements as a 

function of alpha bombardment. 
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